Abstract. Genetic introgression from introduced species into native populations is a growing challenge for biological conservation, and one that raises unique practical and ethical issues. Here, we describe the extent of introgression between native California tiger salamanders {Ambystoma californiense) and introduced barred tiger salamanders (A. tigrinum mavortium) relative to habitat, distance from introduction sites, and watershed boundaries. We used ancestry informative markers (AIMs) to characterize the degree of introgression at 85 sites within the range of A. californiense. Eight unlinked markers showed concordant patterns, indicating that different chromosomal segments are introgressing at similar rates. The current distribution of introduced alleles is largely contained in the Salinas Valley, California. Within it, the distribution of nonnative alleles was best explained at a broad geographic scale by the history of introductions, with limited introgression beyond 12 km from multiple independent release sites. The spatial transition from highly admixed to nearly pure native populations was abrupt, suggesting either cryptic barriers to dispersal or locally rapid displacement of natives by an advancing hybrid swarm. At a more ecological level, highly modified perennial breeding ponds had higher introduced allele frequencies than more natural seasonal ponds, suggesting greater invasion success in perennial breeding ponds. Management favoring natural habitat characteristics may substantially decrease the rate of spread of introduced alleles.
Introduction
Invasive species constitute a growing economic nuisance and threat to endangered species conservation (e.g., Pimentel et al. 2001 ). One of the most difficult issues presented by biological invasions is hybridization between native species and introduced or domesticated forms (Rhymer and Simberloff 1996, Allendorf et al.
2001, Daniels and Corbett 2003)
. Hybridization is a particularly complex type of invasion, where the unit of invasion is the unit of heredity (i.e., a nucleotide, gene, or chromosomal segment) rather than the individual organism (Petit 2004 , Mallet 2005 . A primary concern of many conservation biologists is that hybridization may lead to rapid replacement of native species by hybrid swarms or largely nonnative admixtures. Such genetic change has been characterized as a kind of extinction (Rhymer and Simberloff 1996) , and may result in a population with fundamentally altered ecological function (Ellstrand and Schierenbeck 2000) . A key element in understanding the consequences of hybridization between introduced and native species is quantifying the importance of natural dispersal, humanmediated dispersal, and habitat in determining the geographic distribution of introduced alleles.
Barred tiger salamanders {Ambystoma tigrinum mavortium) have been translocated extensively in the western United States by bait dealers and fishermen, who use the larvae ("waterdogs") as live bait for trophy bass (Espinosa et al. 1970 An important component of this study is separating human-mediated animal movement (bait dealers relocating salamanders) from naturally occurring spread of nonnative genotypes. We identified sites as known or suspected introduction sites based on interviews with long-time residents and the one surviving member of the group of bait dealers responsible for importing and releasing A. t. mavortium in California. The introduction effort was well-known and involved the cooperation of several individuals; however, it was not coordinated or documented. Therefore the quality of information about specific release sites varies. We classified potential release sites according to the information used: (A) specific pond mentioned by bait dealer or landowner in our interviews as a release site; (B) specific pond strongly suspected based on known bait dealer harvest, but not specifically on known release of nonnative salamanders; and (C) strong candidate based on access and releases known to have occurred in the vicinity (i.e., on the same property), but with no specific release or harvest documented. The sites are identified in Appendix A.
We also classified each pond as seasonal (does not hold water throughout the year) or perennial (does not usually dry up) based on personal observation, statements of ranchers or local biologists, and presence/absence of specialized organisms. Specialized "indicator" species included fairy shrimp (Branchinecta and hinderiella) and clam shrimp (Cyzicus) for seasonal ponds, and paedomorphic tiger salamanders and bullfrog tadpoles (Rana catesbeiana) for perennial ponds, since both require at least 12 months for development.
Sampling and molecular methods All salamander DNA samples used in this study were taken from young-of-the-year larvae. We used seines or dip nets, drawn haphazardly through each breeding pond, to capture larvae. Focusing on larvae allowed us to obtain large samples from populations with wellunderstood population genetic properties. In particular, fully aquatic larvae in landlocked ponds comprise discrete populations consisting of a single generation with no immigrants.
Using genetic resources derived from the tiger salamander genome project (Voss et al. 2001), we developed eight ancestry-informative markers (AIMs). We identified candidate single nucleotide differences between A. californiense and A. t. mavortium by sequencing DNA of 2-4 individuals of each pure species with primers described by Voss et al. (2001) . We chose to use nucleotide differences that cause restriction enzymes to cut the PCR-amplified DNA of one species but not the other. This yields markers that are easy to score in large numbers and that are informative with respect to individual genotype (homozygous native, heterozygous, or homozygous introduced) for each genomic region. We accepted a marker as diagnostic if the difference was fixed between samples of ~50 pure native and 50 pure nonnative animals; details on marker development can be found in Fitzpatrick and Shaffer (2004) . Table 1 provides genomic and PCR primer information on the final set of markers used in this study. The marker GNAT1, used in Fitzpatrick and Shaffer (2004), was not used here because it is not 100% diagnostic.
Multivariate analysis of eight markers
To accomplish a geographically thorough analysis while minimizing costs and laboratory time, we sought to identify a subset of the eight markers for use on a larger number of individuals that would identify the current limits of the hybrid zone with a smaller number of loci. According to our conversations with Mr. Don Green, one of the original bait dealers who brought A. t. mavortium to California, most animals were released in the Gonzales area of the Salinas Valley, whereas none were released to the north in Santa Clara and Alameda Counties. Therefore, we chose an initial transect of 28 breeding ponds starting at Gonzales (Monterey County) and extending north to the Ohlone Wilderness just east of Fremont (East Bay Regional Parks, Alameda County; Fig. 1 and Appendix A). This rough transect extended from the major center of the introduction into a relatively natural area that we predicted was still pure A. californiense. We scored all eight markers (seven nuclear, one mitochondrial, Table 1 ) for all individuals in these 28 samples. 
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We used principal components analysis (PCA) to describe allele frequency variation among ponds and assess concordance in the information provided by different molecular markers. Each pond was treated as a single observation with eight variables (introduced allele frequency for each marker) and PCA was performed on the correlation matrix (using the covariance matrix produced equivalent results). PCA finds linear combinations (principal components, or PCs) of variables that best describe the variation among observations in the data set. Thus, if one or a few PCs describe most of the variance among ponds, and if most marker frequencies are highly correlated with that PC, then we can choose a smaller number of markers for more thorough geographic analysis without losing much information compared to the eight-gene analysis. That is, a single dominant PC indicates that the information obtained from multiple markers is largely redundant. Alternatively, if different markers are correlated with different (independent) PCs, then there are multiple dimensions of variation among breeding ponds that would be missed by only a few molecular markers. Statistical analyses were performed using R Version 2.3.0 unless otherwise noted {available online).4
Allele frequencies were highly concordant among markers (Fig. 2) . The first principal component accounted for 94.2% of the variance among ponds and was highly associated with all eight markers (Appendix B). The second component, accounting for 3% of the variance, suggested that mtDNA was somewhat deviant from the other markers (Appendix B); this can be seen visually as greater dispersion in the mtDNA panel in Fig. 2 . Based on these multivariate results, we chose three markers for further analysis: mtDNA, SLC4A4, and DLX3. These three markers were the first to be used in describing hybrid tiger salamander populations (Riley et al. 2003 ) and include the marker most closely associated with PCI (SLC4A4) and the one least closely associated (mtDNA).
Geographic analysis of three markers
We used our subset of three markers in an expanded set of breeding pond samples that included 85 ponds and where w describes the width of a cline (defined as the reciprocal of the slope at the cline center jcmid [Barton and Gale 1993]), was fitted using the nonlinear regression algorithm nls in R. As the width w becomes very small, the sigmoidal model approaches the step cline model, so the step cline can be considered nested within the more general model with one fewer degrees of freedom (the parameter w is fixed at l/oo). Therefore, the models can be compared with a likelihood ratio test with one degree of freedom (Hilborn and Mangel 1997) . In an advancing wave moving across discrete populations, cline width increases with dispersal probability and decreases with local selection (Tufto 1999: Eq. 3). That is, a step cline suggests that an allele rises to a high frequency within one population before moving to the next population. By contrast, a gradual cline suggests that dispersal tends to equalize allele frequencies in nearby populations almost as fast as selection increases the local frequency.
As a complementary analysis, we fitted models 2 and 3 to the relationship between introduced allele frequency and distance from the Ohlone Wilderness 
Results
Our expanded geographic analysis indicated that the Salinas Valley (sites 24-72) is largely a hybrid swarm with most samples containing high frequencies of introduced alleles (Fig. 3) With a few exceptions, nonnative genotypes were largely restricted to the Salinas Valley watershed (Fig. 3) (Table 2 ) indicated that differences in introduced allele frequencies between ponds were not predicted by geographic distance or difference in sampling year, but were strongly predicted by differences in watershed location and habitat type. Based on the multiple Mantel test, there was no support for a geographical gradient in allele frequencies. However, a simple Mantel test fitted to seasonal ponds within the Salinas watershed did show a significant relationship between genetic and geographic distances (seasonal ponds: r -0.311, P = 0.0003; The cline analyses did not favor a sigmoidal pattern over a simpler step function (Table 5 ). In fact, the algorithm could not fit a specific cline width to the f For the sigmoid model, the values are the estimated asymptotic frequencies of introduced alleles on each side of the cline. For the step model, the values are average frequencies of introduced alleles on each side of the step cline.
{ The midpoint for the step clines could not be localized any more precisely because there were no sites within the range given. § P values from likelihood ratio tests of the sigmoid vs. step models.
transect data (Table 5b ) because the likelihood surface approached an asymptote as the cline width decreased lower than 0.5 km, indicating that a width of 0.5 km fits no better than a width of l/«. Ponds within 12 km of a known or suspected introduction site often had high frequencies of introduced alleles, but more distant ponds had very low introduced allele frequencies, with no evidence of a gradient on either side of the step (Fig. 4) . Along the Ohlone-Gonzales transect (Fig. 5) , the fitted position of the step (between 78 km and 86 km) was significantly better than constraining the step to coincide with the Pajaro River at 70.6 km (log likelihood ratio 27.88, Pdf = 1 < 0.00001). Limiting these analyses to seasonal ponds did not change the results other than lowering the average frequency of introduced alleles (not shown). Our sample of perennial ponds outside the Salinas Valley was too sparse to support an analysis limited to perennial ponds. The broad-scale distribution of allele frequencies is best described by an abrupt step from high (but variable) to extremely low frequency of introduced alleles in samples >12 km from known or suspected release sites (Figs. 4 and 5, Table 5 ). Even the best fit sigmoidal models indicate cline widths of <3 km, indicating that the rate at which gene flow tends to homogenize allele frequencies among ponds is far slower than the rate at which allele frequencies change within ponds. This is inconsistent with a simple neutral diffusion hypothesis. Four other scenarios are possible. (1) Extrinsic barriers such as highways, waterways, and unsuitable habitat block dispersal very far from introduction sites. This is certainly not the case in two instances (Fort Ord, sites 37, 38; north of the Pajaro River, sites 14, 15), and it appears unlikely in many other regions. (2) Natural selection against dispersers or certain recombinant genotypes inhibits gene flow between invaded and pure native populations. (3) Strong selection causes introduced allele frequencies to rise within local populations much faster than they are dispersed to new populations. (4) The invasion is contracting and strong selection causes introduced alleles to go extinct much faster at the edge of the hybrid swarm than in its interior. (Given that introduced alleles predominate in most admixed populations, it seems unlikely that they are decreasing in frequency.) Whichever is true (scenarios 2 and 3 appear most likely), an interaction between selection and dispersal most likely explains the steep invasion front.
Although we have been fortunate in identifying many of the actual release sites in the Salinas Valley, there is still a potential bias due to incomplete information on release sites. It seems likely that some ponds with high allele frequencies, particularly near the city of Salinas, may be closer to undocumented release sites than we currently assume, although we cannot test this empirically. If so, the true pattern may be more of a gradient than our analyses suggest, particularly if many of the sites with high introduced allele frequencies around 10 km in Fig. 4 are actually much closer to sites of introduction. While this bias may reduce the step-cline nature of fall-off from introduction sites, it only strengthens the important inference that high frequencies of introduced alleles are extremely unlikely beyond ~12 km from introduction sites. This short distance after 50-60 years may indicate that the invasion is slow, or that a stable hybrid zone is developing, or even that the hybrid swarm is contracting. However, many biological invasions are characterized by a lag time between establishment and accelerated spread ( The history of introduction and translocation appears to explain much of the distribution of introduced alleles at the broad landscape level (Fig. 4, Table 5a ). Eradicating animals simply because they are genetically impure is ethically more problematic than merely denying them protection. However, whether or not it is justified or desirable, eradication of introduced tiger salamander alleles is probably not feasible (short of outright habitat destruction) because adults may live for 1 1 years in underground burrows (Trenham et al. 2000) , there is low but detectable gene flow over large distances (Figs. 4 and 5) , and most of the hybrid swarm occupies private ranch land where long-term access and management are difficult. Some level of management could be accomplished by converting perennial breeding ponds to more naturalistic seasonal ponds, and we encourage this as a concrete practice that private and public land managers can facilitate. This would remove an ecological advantage for introduced genotypes, and generally select for tiger salamander genotypes that function best in more natural habitat.
A This provision allows nonlisted species to be protected if they are difficult to distinguish from listed species. That is, mistaking an animal for a nonnative or hybrid should not be considered a valid excuse for destroying a California tiger salamander, and if there are doubts about the status of a population or individual, they should be treated as protected under the Act. While this may end up protecting nonnative individuals in some cases, it uses best available evidence in the field to make decisions. By similar logic, if a population has previously been demonstrated to be introgressed beyond a management threshold, it is probably reasonable to declare the entire population "not protected," rather than verifying the genotype of each individual larva in a pond. Again, this may mean that a few individuals that would fall below the threshold are eliminated, but on average it is a rational approach under field conditions. These population-based recommendations depart from the normal focus of the Endangered Species Act on individuals, but recognize the well-documented population biology of this system; it thus uses "best available science" in a defensible, practical way.
While introduced DNA certainly lowers the genealogical distinctiveness and historical authenticity of California tiger salamander populations, we emphasize that the ecological consequences of hybridization are largely unknown. Research into potential effects on tiger salamander population viability and impacts on other native species is necessary to establish a management plan with both strong scientific and ethical bases. Given the widespread influence of introduced tiger salamander genes and the legal protection of California tiger salamanders under the U.S. Endangered Species Act, decisions will have to be made as to the conservation value and legal status of genetically impure tiger salamander individuals and populations in California.
